Synthesis and electrical and thermal transport properties are reported for several filled skutterudite compounds doped with Ni: Ba 0.3 Ni x Co 4Ϫx Sb 12 with 0ϽxϽ0.2. Divalent Ba readily fills the cages of the skutterudite structure and is effective in reducing the thermal conductivity of the structure. The presence of a small amount of Ni increases the electron concentration, further reduces the thermal conductivity, and enhances the thermoelectric power factor. Hall mobility studies indicate that the addition of Ni to the system has the effect of increasing the relative strength of ionized impurity scattering as compared to acoustic phonon scattering. These results suggest that doping with Ni is an attractive avenue to optimization of filled skutterudites. The dimensionless thermoelectric figure of merit ZT was observed to increase from a value of 0.8 at 800 K for Ba 0.3 Co 4 Sb 12 to a value of 1.2 for the sample with xϭ0.05. These materials show considerable potential as n-type legs in thermoelectric power generation at elevated temperatures.
I. INTRODUCTION
The filled skutterudites based on CoSb 3 have been attracting substantial interest because of their promising thermoelectric performance. 1 The properties of the particular filler atom, such as atomic radius, mass, and valence, have considerable influence on the electrical and thermal transport. For example, an undersized filler atom is thought to ''rattle'' about its equilibrium position inside the cagelike voids of the parent binary compound, thereby reducing the lattice thermal conductivity. 2, 3 At the same time, the incorporation of these electropositive elements adds electrons to the structure. Filling the voids with La or Ce, and compensating for the excess charge by doping with Fe on the Co site or Sn on the Sb site results in p-type samples. [3] [4] [5] [6] A dimensionless figure of merit of ZTϭ1 -1.4 was found for temperatures between 700 and 1000 K for samples of this type. [6] [7] [8] [9] It should be noted, however, that only about 10% of the voids can be filled with Ce ͑Ref. 4͒ and up to 23% in the case of La ͑Ref. 5͒ without charge compensation, so the ability to obtain n-type filled skutterudites has been hampered. Recently, Yb-filled 10 and Tl-filled 11 n-type skutterudites with high thermoelectric performance were reported.
In our recent work, we synthesized a series of samples with composition Ba y Co 4 Sb 12 .
12, 13 We showed that up to 44% of the voids can be filled with Ba without any charge compensation, and the lattice thermal conductivity was dramatically reduced compared to the unfilled host. The divalent nature of the Ba atoms may be at least partly responsible for the anomalously high filling fraction, donating fewer electrons to the system than trivalent La or Ce. The situation is likely more complicated than simple electron counting for it was found that only 22% of monovalent Tl could be incorporated 11 into the voids of Co 4 Sb 12 , and the question of why the Ba filling fraction is so high is still being pursued. All Ba y Co 4 15, 18 These factors suggest that n-type doping rather than charge compensation of an n-type filled skutterudite may be beneficial. Small amounts of Ni in Co 4 Sb 12 have an attractive effect of lowering the total thermal conductivity and increasing the electrical conductivity. 19, 20 In early investigations by Dudkin and Abrikosov, 19 it was concluded that the presence of up to 1 at. % Ni ''corrects'' structural distortions in the lattice, resulting in increased microhardness and carrier mobility.
The aim of the present work is to ascertain the effect of Ni on the properties of Ba y Co 4 Sb 12 . The wide filling space of Ba (yϭ0 -0.44) makes it an ideal candidate for this study since it is not expected that the addition of electrons to a partially filled compound will exclude the Ba atoms. The results are analyzed within a model of mixed acoustic lattice and ionized impurity carrier scattering.
II. EXPERIMENT
Polycrystalline samples having compositions Ba y Ni x Co 4Ϫx Sb 12 with yϷ0.3 and 0ϽxϽ0.2 were prepared as follows. Highly pure metals of Ba ͑99.9%, plate͒, Sb ͑99.9999%, powder͒, Ni ͑99.9%, powder͒, and Co ͑99.99%, powder͒ were used as the starting materials. Because the reaction between Ba and Sb or Co is highly exothermic, it is difficult to directly melt or react a mixture of the constituent elements. In the present study, a two-step solid reaction was used. A binary compound of BaSb 3 and a ternary compound of Ni x Co 1Ϫx Sb 2 were first synthesized by reacting the constituent elements in a flowing Ar atmosphere. Reaction temperature and reaction time were 903 K for 72 h and 973 K for 168 h for the synthesis of BaSb 3 and Ni x Co 1Ϫx Sb 2 , respectively. For the synthesis of a BaSb 3 compound, it is important that the samples be heated slowly ͑Ͻ1 K/min͒ from room temperature to 793 K and be kept at that point for 12 h before being heated to the reaction temperature ͑903 K͒. The resulting compounds, BaSb 3 and Ni x Co 1Ϫx Sb 2 , were then crushed and mixed with Sb in various Ba:(NiϩCo):Sb ϭy:4:12 molar ratios and pressed into pellets. The pellets were heated and reacted three times at 973 K under an Ar atmosphere for 72 h. The reacted materials were milled into fine powder and washed with HClϩHNO 3 to remove a slight amount of impurity phases ͑Sb and Ni x Co 1Ϫx Sb 2 ͒. To form a fully dense polycrystalline solid, the obtained powder was sintered by the plasma activated sintering method. Sintering was performed at a temperature of 873 K for 15 min.
The skutterudite phase of the samples was verified by powder x-ray diffractometry ͑Rigaku: RAD-C, Cu K␣͒. The crystalline structure was refined by using a Rietveld crystallographic analysis program. Chemical compositions were determined by electron probe microanalysis and inductively coupled plasma emission spectroscopy.
The measurement of thermal conductivity , thermopower S, and electrical resistivity at low temperatures ͑2-300 K͒ was carried out in a cryostat equipped with two radiation shields. A steady-state longitudinal method was employed and typical sample dimensions were 3ϫ3 ϫ10 mm 3 . Thermal gradients were measured with the aid of fine copper-constantan thermocouples, with a miniature strain gauge serving as a heater. The copper legs of the thermocouples were used as voltage probes for resistivity and thermopower measurements, and the Seebeck coefficients were corrected for the contribution from the Cu wires. 21, 22 Radiation loss is an unfortunate and unavoidable error in all thermal conductivity measurements made using a longitudinal steady-state technique manifested by deviations from the true value that increase with temperature above about 200 K. In order to determine the radiation loss experimentally, we made a subsequent measurement with the sample detached from the heat sink ͑sample hangs by its thin connecting wires͒ and determined the amount of heat needed to supply to the heater that raises the temperature of the entire sample to the same average temperature as during the actual measurement of the thermal conductivity. The values of the thermal conductivity were then corrected for this radiation loss. The magnitude of the correction was typically around 10% of the total thermal conductivity for these samples at 300 K.
Hall effect and additional resistivity measurements were performed in a Quantum Design superconducting quantum interference device magnetometer system with 5.5 T magnet using a Linear Research ac bridge with 16 Hz excitation on small specimens cut from the large ones used for thermal transport measurements. Data were taken in both positive and negative magnetic fields to eliminate effects due to any probe misalignment. The absolute uncertainty in all the measured transport parameters is estimated to be less than 5%, limited primarily by the measurement of probe separations. For measurements over the temperature range of 300-900 K, the thermoelectromotive force ⌬E was measured at five different temperature gradients (0р⌬Tр10 K), and the Seebeck coefficient was obtained from the slope of the ⌬E versus ⌬T plot. High temperature thermal conductivity was measured by a laser flash method ͑Shinkuriko: TC-7000͒ in vacuum.
III. RESULTS AND DISCUSSION
Temperature dependence of the electrical resistivity for the Ba 0.3 Ni x Co 4Ϫx Sb 12 samples is shown in Fig. 1 . The electrical behavior of all samples shows metallic temperature dependence, which is expected from a heavily doped ͑degener-ate͒ semiconductor. At room temperature, the resistivity first drops as the concentration of Ni increases up to xϳ0.1, and then begins to increase. From the room temperature value of the Hall coefficient, we calculated the carrier concentration using the equation R H ϭA/ne, where A is the Hall factor which depends in general on the scattering mechanism and degree of degeneracy. A does not differ from 1 by more than 10% for degenerate systems 23 ͑a condition we establish below͒, so we take it to be 1. Figure 2 shows that the carrier concentration increases as the Ni content increases.
The thermopower S and thermal conductivity are displayed as a function of temperature in Figs. 3 and 4 , respectively. All samples have negative S with a nearly linear increase in magnitude with temperature, aspects which are consistent with degenerate electron transport. The most surprising thing about this data is that, although the carrier con-centration increases by a factor of 3 over the range of x studied, the room temperature S values do not change by more than 10%. In fact, ͉S͉ increases marginally as the Ni concentration increases from xϭ0.02 to xϭ0.2. The room temperature thermal conductivity values for the Ba 0.3 Ni x Co 4Ϫx Sb 12 samples range from 3.8 to 4.5 W/m K, and are not strongly temperature dependent down to 50 K. Also shown in Fig. 4 are data for two other Ba-filled Co 4 Sb 12 samples without Ni and with lower Ba filling fractions. These data illustrate the strong effect the Ba occupancy has on both at room temperature and at the peak near 60 K. The subsequent effect of Ni for fixed Ba content is not as dramatic, although is minimized for xϭ0.05.
Temperature dependence of the Hall mobility H ϭR H / is shown in Fig. 5 . Room temperature values are approximately 10 cm 2 /V s, which are somewhat higher than that for Ce or La-filled skutterudites with comparable carrier concentrations. 6, 7, 24 From the temperature dependence of the Hall mobility we can gain some insight into the carrier scattering mechanisms. As a frame of reference, we analyze the behavior of H for a series of samples Ba y Co 4 Sb 12 without Ni ͓see Fig. 5͑a͔͒ . The Ni-free samples cover a comparable carrier concentration range to those of the Ni-doped samples. For all of the Ba-filled skutterudites without Ni, H follows a T Ϫ3/2 dependence near room temperature, and saturates to a constant value below about 20 K. This behavior is suggestive of a combination of scattering by acoustic phonons at high temperature, and neutral impurities below 20 K. The case is clearly different for the samples containing Ni ͓see Fig. 5͑a͔͒ . As the Ni concentration increases, the slopes of the H versus T curves near room temperature become distinctly less negative, indicating the presence of more than one dominant scattering mechanism within a picture of a single, rigid band. Because Ni acts as an electron donor in this system, there will be additional scattering due to ionized impurities. Likewise, barium atoms donate electrons to the system, and therefore have a net positive charge. However, there is a clear distinction in this case since these atoms are understood to reside inside the oversized cages. Provided the charge transport takes place primarily on the Co 4 Sb 12 framework, it is feasible that the carriers are not strongly affected by the charged filler atoms.
To describe the influence of Ni on the transport properties, we consider a model of mixed carrier scattering. In this case, the mobility depends on two relaxation times: one corresponds to scattering of electrons by acoustic vibrations L ϭ 0L
Ϫ1/2
, and the other one is due to scattering on ionized impurity atoms i ϭ 0i 
Furthermore, the carrier concentration n can be expressed as
where F 1/2 () is the Fermi function. Equations ͑4͒ and ͑5͒, in principle, represent the tools necessary to determine the scattering parameter a and reduced Fermi energy . However, one must know m* to simultaneously solve the equations given the experimental transport parameters. Again, to understand the underlying behavior, we first determine m* for the samples without Ni. Given that the Hall mobility data for Ba y Co 4 Sb 12 seem to unambiguously indicate acoustic lattice scattering is dominant at room temperature, we calculated the effective mass as a function of carrier concentration for this system in the limit a→0. From Eq. ͑5͒ we find and, together with the Hall carrier concentration, solve Eq. ͑8͒ for m*. These results are shown in Fig. 6 ͑open circles͒ and indicate that m* increases with carrier concentration. Also shown are the effective masses calculated for the Ba 0.3 Ni x Co 4Ϫx Sb 12 samples calculated under the same assumption of the dominance of acoustic phonon scattering, i.e., as a→0. Acoustic lattice scattering is commonly cited as the dominant scattering mechanism near room temperature in filled and unfilled skutterudites. 3, 7, 11, 16 If this assumption were made here, the calculated effective mass depicted in Fig. 6 increases to m*ϭ7m 0 upon addition of Ni, suggesting a strong influence on the band structure. This is unlikely for such small concentrations of impurity. Therefore, in order to proceed, we make the assumption that the dominant effect of Ni on this system is to add electrons and increase ionized impurity scattering within a rigid band approximation.
As others have noted, 15 ,16 the carrier concentration is well described in terms of a two-band Kane model: 
͑9͒
where m b * is the effective mass at the bottom of the band and ⌬ϭE g /k B T is the reduced band gap energy. The observed changes in effective mass are compared to the Kane model by using Eq. ͑9͒ with E g ϭ0.175 eV and m b *ϭ2m 0 and the agreement is quite good. These results for effective mass concur with prior experiments. 11, 16, 24 Additionally, band structure calculations have shown that the bands close to the Fermi level are well described by the Kane model and have predicted a band gap of 0.22 eV. 25 Having established the relationship of effective mass to reduced Fermi energy, we can determine room temperature values of a for the Ni doped samples. The values of a and as calculated from Eqs. ͑4͒, ͑5͒, and ͑9͒ are given in Table I . From this analysis, the parameter a increases from an initial value of 0.5 for samples with no Ni content to a value of 3.3 for samples with the highest Ni content, indicating a smooth crossover from transport dominated by acoustic lattice scattering to that dominated by ionized impurity scattering. This increase in a corresponds to a ϳ40-fold decrease of 0i relative to that of 0L . Figure 7 depicts the beneficial effect of Ni on the thermoelectric figure of merit ZT (ϭS 2 T/) observed for Ba 0.3 Ni x Co 4Ϫx Sb 12 . ZT at room temperature increases significantly up to Ni concentrations of xϭ0.05 and then diminishes. This can be understood qualitatively within the mixed scattering model from the standpoint of the power factor S 2 . If one simply plots the square of Eq. ͑5͒ multiplied by Eq. ͑3͒, it is evident ͑see Fig. 8͒ that increasing the relative strength of ionized impurity scattering enhances the power factor provided the Fermi level is not increased too much. This is an important feature, because the ability to tailor carrier scattering in a thermoelectric can be used as a tool to optimize its performance. The calculations in Fig. 8 do not take into account the change in effective mass with doping level ͑Fermi level͒, which would bring the relative magnitudes of the three curves closer together.
The lattice thermal conductivity L can be calculated by subtracting the electronic contribution via the WiedemannFranz law from the total thermal conductivity. The Lorenz number L in the mixed scattering model is 11, 16, 20 In these studies, the dominant phonon scattering mechanism was attributed to electron-phonon interaction.
The room temperature ZT value is obviously too small to be of interest for thermoelectric applications at these temperatures, though the trend with addition of Ni is encouraging. It is therefore imperative to experimentally determine the transport properties at high temperatures. Figure 9 illustrates the transport properties and ZT over the temperature range 300-800 K. The agreement at room temperature between the two sets of data is within 20% with the exception of the value for the xϭ0 sample. This mismatch of the data at room temperature arises from the use of different experimental methods ͑ac versus dc technique and very different techniques to determine thermal conductivity͒ for the low temperature and high temperature data sets. However, we observe that the overall trends are preserved, and that this is so up to 800 K.
At elevated temperatures, the electrical resistivity continues to increase with temperature for all samples containing Ni. The resistivity of Ba 0.3 Co 4 Sb 12 peaks near 500 K and then begins to decrease. This downturn is likely associated with the onset of intrinsic conduction in this material. As the carrier concentration is increased due to the presence of Ni, the Fermi level is forced deeper into the conduction band, and hence the resistivity for the samples containing Ni does not reach a maximum up to the highest temperatures. At the same time, the increasing carrier concentration systemati- cally lowers the magnitude of the Seebeck coefficient. With increasing temperature, we expect acoustic phonon scattering to begin to dominate ͓a(T) decreases͔, therefore the effect of ionized impurity scattering in enhancing the thermopower for Ni-doped samples is not as strong as it is at room temperature. However, the heavy electron masses help to sustain robust values of S. Although Seebeck values are decreasing with increasing x, power factors at 800 K are increasing as can be seen in Fig. 10 .
Thermal conductivity values at 800 K for the Ba 0.3 Ni x Co 4Ϫx Sb 12 samples are also shown in Fig. 10 , and a minimum is found near xϭ0.05. Based on the value of the Lorenz number calculated at 300 K, the electronic thermal conductivity is estimated to be up to 70% of the total thermal conductivity at 800 K for Ba 0.3 Ni 0.05 Co 3.95 Sb 12 . With resistivity values that increase roughly linearly with temperature, we expect the electronic thermal conductivity to be nearly independent of temperature. Then the dominant effect producing the temperature variation in the thermal conductivity is from the contribution of the lattice. Indeed, the decreasing trend with temperature is consistent with Umklapp scattering of phonons. As Ni is added to the structure, the thermal conductivity is further suppressed likely via increased electron-phonon interaction. However, the electronic contribution begins to dominate for the highest Ni content sample, and eventually causes the total thermal conductivity to increase and overall performance to decrease.
Finally, ZT increases monotonically with increasing temperature for all samples with no hint of reaching a maximum even at 800 K. At temperatures much above 1000 K, filled skutterudites based on the Co 4 Sb 12 framework decompose peritectically (T p ϭ1146 K). 26 ZT increases from 0.8 for Ba 0.3 Co 4 Sb 12 to 1.2 for Ba 0.3 Ni 0.05 Co 3.95 Sb 12 at 800 K demonstrating the beneficial effect of a small amount of Ni impurity. The nature of the doping effect due to Ni is such that: ͑1͒ it acts as an electron donor, thereby increasing electrical conductivity; ͑2͒ effective masses increase with Ni concentration; ͑3͒ lattice thermal conductivity is diminished, likely due to increased electron-phonon interaction; and ͑4͒ the strength of ionized impurity scattering is increased relative to that due to acoustic phonons, especially at lower temperatures. All of these factors help to increase the thermoelectric performance. .44) , is dominated by acoustic phonons near room temperature. The addition of Ni results in an increase of the room temperature carrier concentration, giving rise to ionized impurities which influence the mobility and affect the transport properties by changing the relative influence of scattering due to acoustic phonons and ionized impurities. Effective masses also rise due to the doping effect. The dimensionless thermoelectric figure of merit ZT increases from 0.8 for xϭ0 to 1.2 for xϭ0.05 at T ϭ800 K. We attribute this enhancement of ZT to both the doping effect of Ni and the accompanying increase of the ionized impurity scattering. These beneficial effects due to the presence of a minute amount of Ni may not be unique to the Ba y Co 4 Sb 12 system. Therefore these results highlight the need to investigate Ni doping in other Co 4 Sb 12 -based filled skutterudite materials as a possible means to enhance the thermoelectric performance of these materials.
IV. SUMMARY AND CONCLUSIONS

